Background: Polyreactive antibodies can efficiently neutralize HIV. Results: Heme induces polyreactivity of a human antibody, which recognizes distinct gp120 clades by an identical binding mechanism. Conclusion: Antigen-binding promiscuity of a polyreactive antibody allows recognition of antigen with high molecular heterogeneity. Significance: Characterization of the interaction of polyreactive antibodies with envelope proteins of HIV reveals novel strategies for control of the virus.
Polyreactive antibodies play an important role for neutralization of human immunodeficiency virus (HIV)
. In addition to intrinsic polyreactive antibodies, the immune system of healthy individuals contains antibodies with cryptic polyreactivity. These antibodies acquire promiscuous antigen binding potential post-translationally, after exposure to various redox-active substances such as reactive oxygen species, iron ions, and heme. Here, we characterized the interaction of a prototypic human antibody that acquires binding potential to glycoprotein (gp) 120 after exposure to heme. The kinetic and thermodynamic analyses of interaction of the polyreactive antibody with distinct clades of gp120 demonstrated that the antigen-binding promiscuity of the antibody compensates for the molecular heterogeneity of the target antigen. Thus, the polyreactive antibody recognized divergent gp120 clades with similar values of the binding kinetics and quantitatively identical changes in the activation thermodynamic parameters. Moreover, this antibody utilized the same type of noncovalent forces for formation of complexes with gp120. In contrast, HIV-1-neutralizing antibodies isolated from HIV-1-infected individuals, F425 B4a1 and b12, demonstrated different binding behavior upon interaction with distinct variants of gp120. This study contributes to a better understanding of the physiological role and binding mechanism of antibodies with cryptic polyreactivity. Moreover, this study might be of relevance for understanding the basic aspects of HIV-1 interaction with human antibodies.
The normal immune system contains antibodies (Abs)
2 that bind to multiple structurally unrelated self-antigens and foreign antigens. These Abs are defined as polyreactive (1) . The polyreactivity of Abs and B cell receptors is believed to contribute to the diversification of the immune repertoire and endows the immune system with the ability to bind, and respond, to virtually any potential antigen at a given time (2) (3) (4) . Circulating polyreactive Abs found under physiological conditions, especially those also present in preimmune repertoires, have been proposed to constitute a first line of defense against pathogens and to participate in the maintenance of immune homeostasis (1, (5) (6) (7) (8) . Various pathological conditions, including different autoimmune diseases and viral infections, have been associated with an expansion of the repertoires of polyreactive Abs (9 -12) .
Of particular interest is the role of polyreactive Abs in infection by HIV-1. gp120 is a subunit of the HIV envelope protein complex that is responsible for virus attachment to host cells and thus represents an important target for neutralizing antibody responses (13) (14) (15) . The enormous sequence heterogeneity of gp120 allows the virus to subvert the neutralizing antibody response (13, (15) (16) (17) . After prolonged infection, however, some patients mount antibody responses that efficiently neutralize many different variants of HIV-1 (18 -21) . The repertoires of HIV-1-binding Abs from these patients contain abnormally high levels of autoreactive and polyreactive Abs (22) (23) (24) (25) . Moreover, some of the well characterized human monoclonal Abs that neutralize many variants of HIV-1 (referred to as "broadly neutralizing antibodies", bNAbs) express a polyreactive antigen-binding behavior (20, 26 -31) . These findings imply that polyreactive Abs might play an important role for neutralization of HIV-1. In addition to intrinsically polyreactive Abs, normal immune repertoires contain Abs that can acquire antigen-binding polyreactivity post-translationally. Thus, exposure of these Abs to biologically relevant redox agents, such as reactive oxygen species, heme, iron ions, etc., results in a structural reorganization of their antigen-binding sites and acquisition of antigen-binding specificities to multiple unrelated antigens (32) (33) (34) . Importantly, the substances that reveal the cryptic antibody polyreactivity are usually released in vivo at sites of inflammation or tissue damage and thus might modulate the antigen-binding properties of the susceptible Abs that are present in the immediate microenvironment (35) . Biological functions and mechanism of antibodies with cryptic polyreactivity are not well understood. We observed that exposure of human polyclonal IgG, obtained from healthy donors, to heme results in acquisition of binding potential to HIV-1 gp120. Moreover, we identified a panel of human monoclonal antibodies isolated from seronegative individuals that acquire gp120-binding potential upon exposure to heme. 3 The elucidation of interaction of cryptic polyreactive antibody with divergent variants of highly heterogeneous antigens, such as gp120, would contribute valuable information for understanding the binding mechanism of these antibodies. Furthermore, these studies might have relevance for understanding the basic aspects of the interaction of HIV-1 with antibodies.
Here, we provide biophysical characterization of the binding of a prototypic human IgG1 with cryptic polyreactivity. This antibody was cloned from a seronegative individual and acquires binding potential to HIV-1 gp120 only after interaction with heme. We compared the binding kinetics and thermodynamics of heme-induced Ab with the binding mechanism of two HIV-1-neutralizing antibodies as follows: F425 B4a1 and b12. Our results reveal that the polyreactive Ab has the potential to accommodate the molecular heterogeneity of gp120 and recognizes distinct variants of gp120 with an identical binding mechanism.
EXPERIMENTAL PROCEDURES
Viral Proteins and Antibodies-Recombinant envelope glycoprotein 120 (gp120) from HIV-1 strains BaL (clade B), CN54 (clade C), 96ZM651 (clade C), and 93TH975 (clade A/E) were obtained through the National Institutes of Health AIDS Reagent Program, Division of AIDS, NIAID. Recombinant gp120 from strains 92RW020 (clade A) and JRCSF (clade B) were purchased from Immune Technology Corp. (New York). Two monoclonal human gp120 V3 loop-specific antibodies (F425 B4a1 and 447-52D), two gp120 CD4-binding site-specific antibodies (b12 and VRC01), one V1/V2 region-specific antibody (PG9), and one gp120 glycan-specific antibody (2G12) were obtained through National Institutes of Health AIDS Reagent Program, Division of AIDS, NIAID. Antibody F425 B4a1 was contributed by Dr. Marshall Posner and Dr. Lisa Cavacini; antibody 447-52D was contributed by Dr. Susan Zolla-Pazner; antibody b12 was contributed by Dr. Denis Burton and Dr. Carlos Barbas; antibody VRC01 was contributed by Dr. John Mascola; antibody 2G12 was contributed by Dr. Hermann Katinger, and antibody PG9 was contributed by Dr. Denis Burton. The human monoclonal antibody (Ab21) was selected from a repertoire of monoclonal IgG1 antibodies. Ab21 was cloned from a memory B cell obtained from the synovium of a patient with rheumatoid arthritis (36, 37) . Briefly, the variable region genes encoding the heavy and light chains were amplified by single cell PCR and cloned in PUC19 vector containing the genes encoding the constant Fc-␥1 or regions. The antibody was expressed by transient expression using HEK293 cells. Ab21 uses V H 3-23 and V1-27 variable gene families. This antibody is extensively mutated, with 22 and 20 mutations in the genes encoding the heavy and light chain variable regions, respectively. It also possesses long complementarity determining H3 region (22 amino acid residues).
Reagents-All reagents used in the study were of analytical grade quality. Stock solutions of oxidized heme (ferriprotoporphyrin IX) were prepared by dissolving hemin (Fluka, St. Louis, MO) in 0.05 N solution of NaOH or alternatively in pure DMSO. All metalloporphyrins were obtained from Frontier Scientific Inc. (Logan, UT). Stock solutions were prepared in DMSO (or water in the case of Mg(II)PP IX). The treatment of immunoglobulins was always performed with freshly prepared heme or other metalloporphyrins under dim light conditions.
ELISA, Binding to gp120-Ninety six well polystyrene plates (Nunc Maxisorp, Roskilde, Denmark) were coated with recombinant HIV-1 gp120 variants 92RW020, BaL, JRCSF, or CN54, diluted to 2.5 g/ml in PBS. After incubation for 3 h at 22°C, the residual binding sites on plates were blocked by PBS containing 0.25% Tween 20 (Sigma). In the first experimental setting, Ab21 (1 M, 0.15 mg/ml) diluted in PBS was exposed to a fixed concentration (10 M) of heme. After 30 min of incubation on ice, native and heme-exposed IgG were diluted serially in PBS containing 0.05% Tween 20 (PBS-T) to final concentrations of 50, 25, 12.5, 6.25, 3 .125, 1.562, 0.781, 0.390, 0.195, and 0.0975 g/ml for Ab21 and monoclonal gp120-specific antibodies 447-52D and F425 B4a1, and incubated with gp120 BaLcoated plates for 2 h at 22°C. In the second experimental setting, a fixed concentration of Ab21 (6.7 M, 1 mg/ml) was exposed for 30 min on ice to increasing concentrations of heme, 0, 0.25, 0.5, 1, 2, 4, 8, 16, 32, and 64 M. Heme-exposed Ab21 was diluted in PBS-T to 50 g/ml and incubated for 2 h at 22°C with plates coated with the gp120 variants 92RW020, BaL, JRCSF, or CN54. After incubation with antibodies, in both experimental variants microtitration plates were washed extensively with PBS-T and incubated with a peroxidase-conjugated mouse anti-human IgG (clone JDC-10, Southern Biotech, Birmingham, AL) for 1 h at 22°C. Immunoreactivity of IgG was revealed by measuring the absorbance at 492 nm after addition of peroxidase substrate, o-phenylenediamine dihydrochloride (Sigma) and stopping the reaction by addition of 2 N HCl. After incubation for 5 min at 22°C, samples were diluted in PBS-T to a final concentration of 50 g/ml and then incubated with gp120 immobilized on ELISA plates for 2 h at 22°C. The ability of metalloporphyrins to interfere with the binding of heme-exposed Ab21 to gp120 was studied by ELISA. gp120 (CN54) was immobilized on an ELISA plate at 2.5 g/ml. After blocking, the protein was incubated for 5 min at 22°C with PBS alone or PBS that contained 100 M Pd(II)PP IX. Ab21 treated at 6.7 M (1 mg/ml) with 20 M heme was diluted to 50, 25, 12.5, 6.25, 3.125, 1.562, 0.781, 0.390, 0.195, and 0.0975 g/ml in PBS-T and incubated with PBS or Pd(II)PP IX preincubated gp120 for 2 h at 22°C. Next steps of the assay are identical to the ELISA protocol described above.
ELISA, Effect of Metalloporphyrins on the Reactivity of Ab21-
ELISA, Binding to a Panel of Antigens-The protocol utilized was essentially identical as described above, with small modifications. Each ELISA plate was coated with the following proteins or other macromolecules: human factor IX (LFB, France); human factor VIII (Kogenate FS, Bayer Healthcare); human factor H (CompTech, Tyler, TX); human C5 (CompTech); human C-reactive protein (Calbiochem); human hemoglobin (Sigma, apo-form prepared in-house), bovine histone type III (Sigma); HIV-1 gp120 96ZM651; HIV-1 gp41 MN (National Institutes of Health AIDS Research and Reagents Program); calf thymus DNA (Sigma), and Escherichia coli LPS, serotype O55:B5 (Sigma). All molecules were diluted in PBS at 5 g/ml and incubated for 2 h at 22°C. Ab21 was diluted to 1 M (150 g/ml) in PBS and exposed to 10 M heme or to buffer only. Native and heme-exposed Ab21 were further diluted in T-PBS to 2 g/ml and incubated with immobilized antigens for 2 h at 22°C. The next steps of the assay are identical as those described above.
For evaluation of the effect of heme on Ab21 reactivity against the panel of unrelated antigens, the ratio of the binding intensity (A 492 nm ) of heme-treated versus the native Ab21 was obtained. This ratio was presented as the binding index. The value of the index equal to 1 indicates that heme does not influence the binding of Ab21 to the particular antigen. Index Ͼ1 indicates that the heme exposure causes an acquisition of a binding potential to the target antigen.
Absorbance Spectroscopy-Absorbance spectra were measured by using UNICAM Helios b, UV-visible spectrophotometer. Ab21 was diluted to 1 M in PBS and titrated with increasing concentrations of heme (0, 0.25, 0.5, 1, 2, 4, 8, and 16 M). Aliquots of hemin stock solution (1 mM) were added both to a cuvette containing Ab21 and to a reference cuvette containing only buffer. After addition of each heme aliquot and incubation for 2 min in dark, the absorbance spectra in the wavelength range 350 -700 were recorded. The spectra were scanned at rate of 300 nm/min. All measurements were performed at 22°C, in a quartz cuvette with optical path of 1 cm.
Fluorescence Spectroscopy-Quenching of intrinsic tryptophan fluorescence of Ab21 by heme was measured by using Hitachi F-2500 fluorescence spectrophotometer (Hitachi Instruments Inc., Wokingham, UK). Ab21 was diluted to 0.1 M in PBS and titrated with increasing concentrations (0, 0.01, 0.025, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 M) of heme, added as aliquots of hemin stock solutions. The emission spectra of Ab21 was recorded 1 min following addition of each aliquot of heme. A wavelength of 295 nm was used to selectively excite tryptophan residues. Excitation and emission slits were adjusted to 10 nm. The emission spectra of Ab21 were measured in the wavelength range 310 -450 nm, at a scan speed of 300 nm/min. Quartz cuvette with a 1-cm optical path was used in the experiment. All measurements were done at 22°C.
Size-exclusion Chromatography-Molecular composition of native and heme-exposed Ab21 was compared by using FPLC Akta Purifier (GE Healthcare), equipped with Superose 12 10/300 column. Ab21 was diluted to 100 g/ml (670 nM) in PBS and exposed to 6.7 M (10 M excess) of heme. One ml of each native or heme-exposed Ab21 was loaded onto a column equilibrated with PBS. The flow rate of 0.5 ml/min was used. Chromatograms were recorded by using UV detection of protein at wavelength of 280 nm.
Determination of Functional Affinity of Antibodies by ELISANinety six well polystyrene plates were coated with recombinant HIV-1 gp120 BaL diluted to 2.5 g/ml in PBS. After incubation for 3 h at 22°C, the residual binding sites on plates were blocked by PBS containing 0.25% Tween 20. Ab21 was diluted to 1 M and exposed to 10 M heme (1 mM stock solution in 0.05 N NaOH). Heme-treated Ab21 was diluted to 2 g/ml in T-PBS. Ab21 was incubated with gp120 BaL-coated plates for 2 h at 22°C. After incubation, microtitration plates were washed extensively with T-PBS and incubated for 10 min at 37°C with increasing concentrations of urea (0, 0.5, and 1-8 M) in PBS. After extensive washing of the plates with T-PBS, the immunoreactivity was developed as described above.
pH Dependence Analyses-Ninety six well polystyrene plates were coated with 2.5 g/ml HIV-1 gp120 (BaL) in PBS for 3 h at 22°C. The plates were blocked with 0.25% Tween 20 in PBS. The induction of cryptic polyreactivity of Ab21 was performed by exposure of 2 M Ab21 to 20 M hematin (1 mM stock in 0.05 N NaOH). To study the pH dependence of the interaction between gp120 and antibodies Ab21, F425 B4a1, and b12, buffers with different pH values were used as follows: acetate buffer (25 mM sodium acetate/acetic acid, 150 mM NaCl, 0.05% Tween 20) was used to maintain pH values of 4 and 5; MES buffer (25 mM MES, 150 mM NaCl, 0.05% NaCl), pH 6; HBS buffer (10 mM HEPES, 150 mM NaCl, 0.05% Tween 20), pH 7 and 8; TBS buffer (50 mM Tris, 150 mM NaCl, 0.05% Tween 20) , pH values of 7-11. For study of binding to gp120, heme-treated Ab21 and antibodies F425 B4a1 and b12 were diluted to 15 and 1 g/ml, respectively, in buffers with different pH values and incubated with immobilized gp120 for 2 h at an ambient temperature of 22°C. After extensive washing, the plates were incubated for 1 h at 22°C with a peroxidase-conjugated mouse anti-human IgG (clone JDC-10, Southern Biotech, Birmingham, AL). Immunoreactivities were revealed using the o-phenylenediamine substrate (Sigma). Absorbance at 492 nm was read after stopping of the reaction by addition of 2 N HCl.
Surface Plasmon Resonance Interaction Analyses-The binding kinetics and thermodynamics of interaction of human monoclonal IgG1 antibodies Ab21, F425 B4a1, and b12 with gp120 were determined by surface plasmon resonance-based technique (BIAcore 2000, BIAcore, Uppsala, Sweden).
Recombinant gp120 molecules from different virus strains 92RW020, BaL, JRCSF, CN54, 96ZM651, and 93TH975 were immobilized on a CM5 sensor chip (BIAcore) using aminocoupling kit (BIAcore), as described by the manufacturer. In brief, gp120 was diluted in 5 mM maleic acid, pH 5, to a final concentration of 10 g/ml and injected over the preactivated sensor surface. The achieved immobilization levels for gp120 variants 92RW020, BaL, JRCSF, CN54, 96ZM651, and 93TH975 were 6483, 1558, 5685, 6757, 4316, and 2857 resonance units, respectively. Experiments were performed using HBS-EP (0.01 M HEPES, pH 7.4, containing 0.15 M NaCl, 3 mM EDTA, and 0.005% Tween 20) . To study the effect of ionic strength, the binding was performed in modified HBS-EP, containing 0.05 M or 0.45 NaCl (low or high ionic strength). The 2-fold dilutions of antibody F425 B4a1 (50 to 0.049 nM), antibody b12 (20 to 0.039 (0.0049) nM), and of heme-exposed Ab21 (250 to 0.244 nM) were injected at flow rate of 30 l/min. The association and dissociation phases of the interaction were monitored for 4 and 5 min, respectively. The binding to the surface of the control uncoated flow cell was subtracted from the binding to the gp120-coated flow cells. The regeneration of the binding surface after binding of antibodies F425 B4a1 and b12 was performed by injection of 4 M MgCl 2 . The regeneration of heme-exposed Ab21 was achieved by exposure of the sensor surface to 300 mM imidazole. The BIAevaluation version 4.1 software (BIAcore) was used for the estimation of the kinetic rate constants. Calculations were performed by global analysis of the experimental data using the Langmuir binding with a drifting baseline model included in the software. The highest injected antibody concentrations i.e. 250 nM (Ab21) and 50 nM (F425 B4a1) were not included in the kinetic analyses. In the case of antibody b12, the highest injected concentration (20 nM) was only included for evaluation of the binding kinetics to gp120 96ZM651.
Evaluation of Binding Thermodynamics-We applied Eyring's approach for evaluation of the activation thermodynamic parameters of the interactions of different variants of gp120 with antibodies Ab21, F425 B4a1, and b12. Kinetic measurements were performed independently at 10, 15, 20, 25, 30, and 35°C. For evaluation of the activation thermodynamics, the kinetic rate constants were used to build Arrhenius plots. The values of slopes of the Arrhenius plots were calculated by using a linear regression analysis of the experimental kinetic data by using GraphPad Prism version 4 (GraphPad Prism Inc.) and substituted in Equations 1-4,
where the "slope" ϭ ∂ln(k a/d /∂(1/T), and where Ea is the activation energy. The enthalpy, entropy, and Gibbs free energy changes characterizing the association phase were calculated using Equations 2-4,
where T is the temperature in Kelvin, kЈ is the Boltzmann constant, and h is Planck's constant. All activation thermodynamic parameters were determined at the reference temperature of 25°C (298.15 K).
Determination of Epitope of Ab21 on gp120-Surface plasmon resonance was used to determine the epitope(s) of Ab21 on gp120. gp120 (BaL) was immobilized on a CM5 sensor chip by using standard amino-coupling protocol (see above). Interactions of HIV-1-neutralizing antibodies that recognize different epitopes on gp120 (b12 (CD4bs); VRC01 (CD4bs); 447-52D (V3 loop); 2G12 (glycan-dependent epitope); and PG9 (glycan and protein epitope in V1/V2 region) were evaluated before and after the binding of heme-exposed Ab21.Ab21 at a concentration of 1 M and then exposed to 10 M hematin in PBS. Ab21 (250 nM) was allowed to interact with gp120 for 10 min. Each HIV-1-neutralizing antibody was injected for 5 min at the following concentrations: 5 nM (b12), 20 nM (VRC01), 100 nM (447-52D and 2G12), and 500 nM (PG9). All dilutions of antibodies were performed in HBS-EP. The ability of polyreactive Ab21 to reduce the binding of different HIV-1-neutralizing antibodies to gp120 was evaluated by estimating the ratio of the maximal binding response (in resonance units) of each of HIV-1-specific antibody in the presence and absence of bound polyreactive Ab21.
RESULTS
Ab21 Acquires Polyreactivity and a Binding Potential to gp120 after Exposure to Heme-To elucidate the mechanism of interaction of gp120 with Abs with cryptic polyreactivity, a prototypic heme-sensitive antibody was selected from a repertoire of human monoclonal IgG1 Abs. 3 The selected antibody, referred to in this study as Ab21, acquires a strong binding potential for gp120 only after exposure to heme (Fig. 1A) . First, we studied the binding of Ab21 to gp120 BaL and compared it with the binding of the HIV-1 gp120 V3 loop-specific Abs, F425 B4a1 and 447-52D. These Abs were isolated from HIV-1 seropositive patients and have a potent neutralization activity against HIV-1 BaL virus (38 -40) . The binding of heme-exposed Ab21 to gp120 BaL was substantial but of a lower intensity as compared with the interactions of HIV-1 BaL-neutralizing Abs (Fig. 1A) . The induction of binding to gp120 of Ab21 was dependent on heme concentration (Fig. 1B) . Remarkably, heme-exposed Ab21 recognized divergent variants of gp120 with almost similar binding intensities (Fig. 1B) .
To map the epitope(s) of polyreactive Ab21 on gp120, we performed competition assay with HIV-1 broadly neutralizing antibodies that target different regions of gp120 (Fig. 1C) . The binding of heme-exposed Ab21 to gp120 did not influence the binding of CD4bs-specific antibodies (b12 and VRC01) (41, 42) or gp120 glycan-specific antibody (2G12) (43) . However, the binding of polyreactive Ab21 resulted in reduction of the binding of antibodies that target the V1/V2 region (PG9) (44) and especially the V3 region (447-52D) (Fig. 1C) .
The exposure of Ab21 to heme resulted in acquisition of polyreactivity as is evident from the binding to a panel of unrelated antigens (Fig. 1D) . Importantly, Ab21 acquired marked reactivity only to a subset of antigens in the studied panel (factor IX, factor VIII, factor H, C5, hemoglobin, and gp120). This result implied that heme-exposed Ab21 is not nonspecifically binding to all possible antigens but still has a potential to discriminate between unrelated molecules/epitopes.
Heme Binds to Ab21-Our previous studies indicate that induction of polyreactivity of antibodies by heme occurs through direct binding of the macrocyclic cofactor to the immunoglobulin molecule (34) . To figure out whether this is also valid for acquisition of binding polyreactivity by Ab21, we performed spectroscopy analyses (Fig. 2, A and B) . Absorbance spectroscopy revealed that the exposure of Ab21 to heme resulted in an increase in the absorbance intensity of heme in high and low energy regions of the spectrum (Fig. 2A) . Differential spectral analyses also indicated the presence of a substantial red shift (Ͼ10 nm) in the high energy region. These spectral changes of heme are consistent with binding of the cofactor molecule and coordination of its central iron ion to the IgG molecule. Furthermore, the ability of heme to interact with Ab21 was studied by quenching the intrinsic tryptophan fluorescence of the protein (Fig. 2B) . Exposure to heme resulted in a dose-dependent decrease in the fluorescence signal of Ab21. Taken together, these results indicate that Ab21 binds heme. , heme-exposed Ab21 (closed squares), and patient-derived HIV-1-neutralizing antibodies 447-52D and F425 B4a1 (open triangles) to gp120. Monoclonal antibodies were diluted 2-fold (50 to 0.0975 g/ml) and incubated with gp120 variant BaL immobilized on ELISA plate. Each data point represents the mean of optical density of duplicate wells ϮS.E. Representative results of one of two independent experiments is shown. B, heme concentration dependence of reactivity of Ab21 to distinct variants of gp120. Ab21 (6.7 M or 1 mg/ml) was exposed to increasing concentrations of heme (0 -64 M) and incubated at 0.335 M (50 g/ml) with different types of gp120 (92RW020, JRCSF, BaL, and CN54) immobilized on ELISA plates. Each data point represents mean optical density and ϮS.E. from duplicate wells. Representative results of one of two independent experiments are shown. C, inhibition of binding of broadly neutralizing antibodies to gp120 (BaL) by heme-exposed Ab21. The interactions of HIV-1-neutralizing antibodies (20 nM VRC01; 5 nM b12; 10 nM 2G12; 100 nM 447-52D, and 500 nM PG9) were studied by surface plasmon resonance-based assay before and after binding of 250 nM heme-exposed Ab21 to immobilized gp120. The graph shows percentage reduction of binding of bNAbs to gp120 in the presence of bound polyreactive Ab21. D, binding of Ab21 to a panel of unrelated antigens. The effect of heme on the reactivity of Ab21 was evaluated by estimation of the ratio of binding intensity (absorbance at 492 nm) of the heme-treated Ab21 (1 M Ab21/10 M heme) versus the binding intensity of the native Ab21. The native and heme-exposed Ab21 were incubated at 2 g/ml with a panel of antigens (indicated on the graph). Binding ratio of 1 (depicted as a gray line on the graph) indicates that binding intensity of native and of heme-exposed Ab21 does not differ.
Next, we tested the possibility that heme exposure induces formation of aggregates of Ab21, which might result in multivalent, nonspecific binding to gp120 or to other proteins. Sizeexclusion chromatography profiles indicated that native Ab21 and Ab21 exposed to a 10-fold molar excess of heme elute as a single pick, which corresponds to an approximate molecular mass of 150 kDa (Fig. 2C) . This result ruled out formation of aggregates of Ab21 upon exposure to an excess of heme.
Nature of Metal Ion in the Porphyrin Structure Plays an Essential Role for Induction of Specificity of
Ab21 to gp120-We tested the ability of different metalloporphyrins IX (analogues of heme that differ by the nature of the central metal ion) to induce binding specificity of Ab21 to gp120. The nature of the metal ion in the porphyrin structure was found to determine the potential of uncovering the cryptic binding specificity of Ab21 to gp120. The most prominent effect on the reactivity of Ab21 was observed after exposure to heme (Fe(III) protoporphyrin IX). The antibody also demonstrated sensitivity to Co(III) protoporphyrin IX and Cr(III) protoporphyrin IX (Fig.  3A) . However, most of the studied metalloporphyrins were unable to induce binding of Ab21 to gp120 (Fig. 3A) .
Previous studies have implied that heme might serve as an interfacial cofactor of cryptic polyreactive antibodies for binding to diverse antigens (34) . To test this hypothesis in the case of Ab21, we preincubated immobilized gp120 with an excess of metalloporphyrin that was unable to induce gp120-binding specificity of Ab21, i.e. Pd(II) protoporphyrin IX (Fig. 3A) . This treatment may saturate the binding sites for porphyrins on the surface of gp120 and prevent interaction of heme. Saturation of gp120 with inert porphyrin resulted in a reduction of binding of heme-exposed Ab21 (Fig. 3B) .
Heme-exposed Ab21 Recognizes Distinct Variants of gp120 with Similar Binding Kinetics-The binding kinetics of the heme-sensitive antibody Ab21 with a panel of distinct gp120 variants was compared with that of F425 B4a1 and of a bNAb specific for the CD4-binding site on gp120, b12. An example of binding to gp120 BaL and gp120 93TH975 is depicted on Fig. 4 . The kinetic analyses confirmed that Ab21 is able to recognize distinct variants of gp120 with a very narrow range of apparent binding affinities (K D values between 30.6 and 67.4 nM, see Table 1 ). Values of the kinetic rate constants (k a and k d ) also clustered in a narrow range ( derived from seropositive patients, were much more discriminative in their interactions with gp120. Thus, surface plasmon resonance analyses revealed that F425 B4a1 and b12 formed very stable complexes with the gp120 variants, BaL and JRCSF, as evident by the absence of detectable dissociation (Fig. 4 and Table 1 ), whereas complexes with gp120 92RW020 were less stable, and lower affinity interactions were seen with gp120 96ZM651. Whereas Ab F425 B4a1 formed very stable complexes with gp120 variant CN54, b12 demonstrated lower stability of the complexes and bound this variant of gp120 with lower affinity (Table 1) . F425 B4a1 and b12 were not able to interact at all with gp120 93TH975 (Fig. 4) . F425 B4a1 recognized gp120 JRCSF, gp120 BaL, and gp120 CN54 with an apparent K D value (assuming a k d value of 10 Ϫ5 s Ϫ1 ) in the picomolar range (Table 1) . F425 B4a1 bound gp120 92RW020 and gp120 96ZM651 with K D values of 4.96 and 358 nM, respectively ( Table 1 ). The bNAb b12 recognized gp120 variants BaL and JRCSF with low picomolar affinity (apparent K D values of 6 pM), although it bound other gp120 variants with nanomolar affinity (Table 1 ).
The marked differences in the affinity of F425 B4a1 or b12 for binding to different gp120 variants were mainly due to differences in the dissociation rate constants. In most of the cases, the antibody association rate was very high (Table 1 ). All interactions of b12 were characterized by an association rate constant that was greater than that of F425 B4a1 and Ab21 (Table 1 and Fig. 6 ).
By analyzing data with a model that assumes the presence of mass transfer limitations, we observed that the values of the association rate constants of the Abs were not biased by this possible binding artifact (data not shown).
Finally, we studied the stability at an equilibrium of the complexes formed between polyreactive Ab21 and gp120 by elution with increasing concentrations of urea, a method used for estimation of antibody avidity (45) . As shown in Fig. 5 , exposure to increasing concentrations (0 -8 M) of urea dissociated only negligibly the complexes of Ab21 (at 8 M urea the binding was reduced by only 20%). These data imply that heme-induced polyreactive Ab21 interacts with the HIV envelope protein with a high functional affinity (avidity). 
TABLE 1 Kinetics of interaction of monoclonal antibodies with gp120
Values of the kinetic rate constants (k a and k d ) and equilibrium dissociation constant (K D ) were determined by global analyses of real time interaction profiles obtained after interaction of F425 B4a1 (0.049 -25 nM), b12 (0.019 (0.039)-5 nM for binding to gp120 BaL, JRCSF, and CN54; 0.039 -10 nM, for binding to gp120 92RW020; and 0.039 -20 nM for bindings to gp120 96ZM651) and heme-exposed Ab21 (0.49 -125 nM) with different variants of gp120. The absence of dissociation of F425 B4a1 in the case of binding to gp120 BaL, gp120 JRCSF, and gp120 CN54 and of b12 in the case of bindings to gp120 BaL and gp120 JRCSF precluded evaluation of reliable values of k d by applying global kinetic analyses. However, by using kinetics simulation software (BIAsimulation), it was estimated that the dissociation rate of F425 B4a1 and b12 in complex with these variants of gp120 is equal or lower than 10 
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Heme-induced Polyreactive Antibody Recognizes Distinct gp120 Variants with Similar Energetic Changes-To provide further understanding about the mechanism of promiscuous recognition of gp120 by cryptic polyreactive antibodies, we compared the binding thermodynamics of heme-exposed Ab21, F425 B4a1, and b12. Kinetic parameters of the interaction of the three Abs with different variants of gp120 were determined as a function of temperature (in the range 10 -35°C) and are presented as Arrhenius plots on Fig. 6 . The association of heme-exposed Ab21 to all studied gp120 variants demonstrated identical temperature dependence; an increase in the temperature resulted in a concomitant increase in the association rate constant (Fig. 6) . In contrast, the association of F425 B4a1 and b12 showed two modes of temperature sensitivity, depending on the gp120 variant. In the case of gp120 92RW020, BaL, JRCSF, and CN54, an increase in the temperature resulted in an increase in k a . The temperature sensitivity of the k a was nearly identical to that of the k a determined for heme-induced Ab21 (Fig. 6 ). In contrast, the association of F425 B4a1 with gp120 96ZM651 showed an increase of the temperature leading to a decrease in k a ; at the highest temperature used (35°C), the association was completely abrogated. Association of b12 with gp120 96ZM651 displayed complex behavior (Fig. 6) . Thus, in range 10 -25°C, the temperature dependence of k a of b12 had a similar tendency as that observed for F425 B4a1. However, the association rate of b12 showed a very high temperature sensitivity in the 25-35°C range (Fig. 6) .
The dissociation rate of Ab21 from all variants of gp120 was not sensitive to changes in temperature (data not shown). In cases where a reliable estimation of the k d was possible for F425 B4a1 and b12, we observed a temperature sensitivity of the dissociation (data not show). Thus, an increase in the temperature resulted in an elevation of the dissociation rate. Temperature dependences of the K D value indicated that the overall binding affinity of cryptic polyreactive antibody was only negligibly influenced by changes in the interaction temperature. In contrast, the temperature sensitivities of K D of F425 B4a1 and b12 were more pronounced. In the case of F425 B4a1, an elevation of the interaction temperature resulted in a decrease in the binding affinity to gp120 92RW020 and especially to gp120 96ZM651 (data not shown). In the case of b12, the reduction of the binding affinity with an increase of temperature was pronounced for interactions with gp120 CN54 and gp120 96ZM651 (data not shown).
The Arrhenius plots were used for calculation of changes in the activation thermodynamics of Ab21, F425 B4a1, and b12 during binding to gp120. Energetic changes during association of cryptic Ab21 to different gp120 molecules were qualitatively identical (Fig. 7) . Thus, changes in the activation enthalpy (⌬H ‡ ) of binding of Ab21 to all variants of gp120 were positive (⌬H ‡ varied from 5.8 to 19.7 kJ mol Ϫ1 ), indicating that the association of the antibody is an endothermic process characterized by an unfavorable contribution to the overall binding affinity. The changes in activation entropy (T⌬S ‡ ), observed during the association process of Ab21, were also qualitatively identical for all gp120 variants (Fig. 7) . Thus, T⌬S ‡ had an unfavorable contribution to the overall affinity with values ranging from Ϫ24 to FIGURE 5. Estimation of antibody avidity to gp120 BaL. Ab21 was diluted to 1 M and exposed to 10 M hematin. Heme-treated Ab21 was diluted 2 g/ml in T-PBS. After incubation with Ab21, the microtitration plate was washed extensively with T-PBS and incubated for 10 min at 37°C with increasing concentrations of urea as follows: 0, 0.5, and 1-8 M in PBS. After extensive washing of the plate with T-PBS, the immunoreactivity was developed as described above. FIGURE 6. Temperature dependence of association of Ab21, F425 B4a1, and b12 with gp120. Arrhenius plots depict the temperature dependence of association rate constant of Ab21-heme (black squares), F425 B4a1 (white circles), and b12 (gray diamonds) obtained after interaction with different variants of gp120. The association rate constants were determined by global analysis of sensorograms generated after evaluation of binding kinetics of Ab21-heme, F425 B4a1, and b12 (as described under "Experimental Procedures") at varying temperatures (10, 15, 20, 25, 30, and 35°C) . The slopes of the Arrhenius plots were determined by linear regression analyses. The temperature dependence of binding of b12 to 96ZM651 displayed complex behavior. The data were fitted by linear regression analyses in two alternative ranges, 10 -25 and 25-35°C.
Ϫ39.6 kJ mol
Ϫ1 . These values of T⌬S ‡ are consistent with the presence of minimal structural changes in the interacting proteins during association. The activation thermodynamics analyses revealed that the HIV-1-neutralizing antibodies F425 B4a1 and b12 utilize different mechanisms for binding to different variants of gp120 (Fig. 7) . Whereas the association of F425 B4a1 and b12 with gp120 from strains 92RW020, BaL, JRCSF, and CN54 was characterized with unfavorable ⌬H ‡ values (ranging from 17.1 to 25.2 kJ mol Ϫ1 in the case of F425 B4a1 and from 10.5 to 26.7 kJ mol Ϫ1 in the case of b12), the association of the same antibodies to gp120 96ZM651 presented with a negative sign and favorable contribution to the overall binding affinity. Importantly, the recognition of gp120 96ZM651 by b12 revealed marked changes in the association enthalpy when temperature ranged between 25 and 35°C (Fig. 7) . Qualitative differences in ⌬H ‡ reflect differences in the type of noncovalent interactions between the antibodies and different gp120. Although the changes in the activation entropy for all gp120 recognized by F425 B4a1 and b12 were unfavorable, the negative value of T⌬S ‡ observed for the interaction with gp120 96ZM651 was higher than for the other gp120 variants (especially in the case of b12) (Fig. 7) . The increased unfavorable value of T⌬S ‡ diminished the favorable contribution of ⌬H ‡ for binding to gp120 96ZM651, as evident from similar values of activation ⌬G ‡ that represent the energetic barrier for successful association (Fig. 7) .
The results from thermodynamic analyses suggest that the polyreactive Ab21 recognizes different gp120 molecules by using an identical molecular mechanism. In contrast, F425 B4a1 and b12 utilize at least two distinct mechanisms for binding to different gp120 variants.
Role of Noncovalent Interactions in the Recognition of gp120 by Cryptic Abs-To understand the type of noncovalent forces that drive the association and stabilize the complexes of cryptic polyreactive antibody with gp120, nonequilibrium and equilibrium binding assays were applied (Fig. 8 , Table 2 , and data not shown). First, the ionic strength dependence of association of Ab21, F425 B4a1, and b12 was determined using surface plasmon resonance. The results indicate that the ionic strength has a very limited impact on the association of heme-exposed Ab21 to different gp120 variants (Fig. 8 and Table 2 ). Although, in the case of F425 B4a1, the association rate constants were more sensitive to ionic strength, the reduction of k a was only marginal, and even at the highest ionic strength, the rate of association remained very high with a k a in the order of 10 5 (except in the case of binding to gp120 96ZM651, see Table 2 ). Interestingly, b12 displayed marked ionic strength dependence upon recognition of all gp120 variants. Thus, an increase of NaCl from 50 to 450 mM resulted in a 12-143-fold reduction of association rate ( Table 2 ). The binding to gp120 96ZM651 was completely abrogated at high ionic strength (Table 2 ). Polar and ionic interactions between proteins depend on ionization of charged groups and thus are also affected by pH. The pH dependence of Ab21 binding to gp120 indicated that this interaction is not sensitive to changes between pH 4 and 11 (data not shown). Taken together, the results from ionic strength and pH dependence assays imply that the binding of heme-exposed Ab21 to gp120 relies mainly on nonpolar interactions, such as hydrophobic and van der Waals contacts. Antibody F425 B4a1 also predominantly uses nonpolar interactions, whereas polar interactions play a more pronounced role for the formation of complexes of b12 with different gp120 variants.
DISCUSSION
Here, we demonstrated that a human IgG1 cloned from a seronegative individual acquires polyreactivity and a strong binding potential to HIV-1 gp120 after exposure to heme. The polyreactive form of Ab21 was able to accommodate gp120 variants, belonging to divergent HIV-1 clades as follows: A, B, C, and A/E. Our data suggest that the epitope of heme-exposed Ab21 is most probably localized in the V3 region of the gp120 molecule. Kinetic and thermodynamic analyses of the interac- tions indicate that heme-exposed Ab21 utilizes an identical binding mechanism to recognize all distinct gp120 molecules. In contrast, HIV-1-neutralizing antibodies F425 B4a1 and b12 demonstrate high discriminatory activity to different variants of gp120. These antibodies also utilize alternative binding mechanisms for recognition of distinct gp120 variants.
Immune repertoires of all healthy individuals contain a fraction of antibodies that acquire polyreactivity following interaction with heme (34, 46, 47) . The mechanism of heme-induced transition to promiscuous antigen binding of these Abs is not well understood. Our previous analyses revealed that antibodies sensitive to heme adopt antigen-binding polyreactivity upon direct binding of heme to the IgG molecule. Thus, we hypothesized that some Igs utilize heme as a cofactor to extend their antigen-binding potential. In this study, we also demonstrate that heme binds specifically to the human monoclonal Ab21. The changes in the absorbance spectra of the oxidized form of heme, namely a pronounced red shift in the high energy spectral region, suggest alterations of its electronic structure. These spectral changes are consistent with the alteration of the microenvironment of heme and coordination of its central iron ion by certain amino acid residue(s) (most probably histidine). The binding of heme to Ab21 was also confirmed by quenching of the intrinsic tryptophan fluorescence of Ab21. Importantly, the interaction of heme with Ab21 was not accompanied by aggregation of the IgG molecule, as is evident from the data obtained by size-exclusion chromatography.
We also tested the potential of other metalloporphyrins to induce gp120-binding reactivity of Ab21. Among the analyzed metalloporphyrins, only Fe(III)-, Co(III)-, or Cr(III)-containing protoporphyrins were able to potentiate the reactivity of Ab21. Similarities in the chemical and coordination properties of these metal ions may explain this observation.
Our results imply that heme bound to Ab21 might serve as an interfacial cofactor for the binding of gp120. Indeed, preincubation of gp120 with metalloporphyrin that does not influence the reactivity of Ab21 resulted in the reduction in the binding of heme-exposed polyreactive Ab21. Interestingly, gp120 has been demonstrated to bind different porphyrins, and this binding occurs to the V3 loop (48 -51), a region also recognized by Ab21.
The induction of antigen-binding polyreactivity of Ab21 by heme was accompanied by acquisition of specificity to HIV-1 gp120. Enormous sequence heterogeneity of gp120 makes this protein an elusive target for neutralizing antibodies (13, 14) . Antibodies that are able to bind and neutralize many divergent strains of HIV-1, i.e. bNAbs, usually recognize invariant functionally important regions of gp120 (14, 15) . In this study, we tested the potential of a human antibody with cryptic polyreactivity to accommodate the considerable sequence heterogene- Table 2 .
TABLE 2
Ionic strength dependence of association rate constant of F425 B4a1, b12, and Ab21 for binding to distinct variants of gp120
Values of association rate constant k a were obtained by global analyses of sensorograms generated after injection of serial 2-fold dilutions of F425 B4a1 (25 to 0.049 nM), b12 (0.0049 (0.019)-5 nM, for binding to gp120 BaL, JRCSF, and CN54; 0.0049 (0.039)-10 nM, for binding to gp120 92RW020; and 0.039 -20 nM, for binding to gp120 96ZM651), and of heme-exposed Ab21 (125 to 0.488 (0.244) nM) onto sensor chips with immobilized variants of gp120. The interactions were studied in HBS-EP buffer containing different concentration of NaCl, 0.05, 0.15, and 0.45 M. The global analyses were performed by fitting experimental data by using Langmuir binding with a drifting baseline kinetic model. In case of b12 binding to gp120 BaL, JRCSF, and CN54, at 0.05 M NaCl, due to possible involvement of mass transport, the experimental data were fitted by using Langmuir binding kinetic model with correction for mass transport artifacts. The values presented are mean Ϯ S.D. of three independent fits of the experimental data. ity of gp120. The kinetic and thermodynamic analyses reveal a capability of heme-induced polyreactive Abs to accommodate the relatively high affinity (K D Ͻ70 nM) of different variants of gp120 by using an identical physicochemical mechanism of molecular recognition. Thus, the association of the polyreactive antibody in all interactions was characterized by an unfavorable contribution of activation enthalpy and entropy. The low extent in the changes of entropy (ranging from Ϫ24 to Ϫ39.6 kJ mol Ϫ1 ) suggests that interaction of Ab21 with distinct gp120 variants is not accompanied by significant alterations in the conformation of the antigen-binding site or a considerable reorganization of solvent structure (52, 53) . The observed thermodynamic behavior of Ab21 is typical for affinity-matured antibodies that possess preoptimized antigen-binding sites (2, 54) . Although with differences in the absolute values, the changes in the activation enthalpy of binding of polyreactive Ab21 to distinct variants of gp120 had identical qualitative signature. The changes in the association enthalpy depend on formation of noncovalent contacts upon interaction (2, 52, 53) . Indeed, our data from pH binding analyses and the study of the effect of ionic strength revealed that heme-exposed Ab21 forms complexes with all different variants of gp120 by predominantly using hydrophobic interactions. This result is in agreement with previous studies demonstrating that cryptic polyreactive antibodies use hydrophobic effect for binding to their targets (33, 34) . In contrast to polyreactive Ab21, both F425 B4a1 and b12 utilized distinct molecular mechanisms for bindings to different gp120 variants. Moreover, both Abs were not able to recognize gp120 belonging to HIV-1 clade A/E. Interestingly, the binding of F425 B4a1 and b12 to the variant of gp120 with high sensitivity to neutralization by these antibodies (HIV-1 BaL) was characterized by a thermodynamic mechanism identical to that of polyreactive Ab21.
F425
Different studies have suggested that antibody polyreactivity contributes to neutralization of HIV-1 (24, 27, 31, (55) (56) (57) (58) . Several mechanisms have been proposed to explain the role of antibody polyreactivity in HIV-1 neutralization. Thus, the autoreactivity and polyreactivity of gp41-specific Abs 2F5 and 4E10 (27) allow binding to membrane phospholipids through a long and hydrophobic complementarity determining H3 region, which ensures appropriate orientation of the antigen-binding site for further recognition of epitopes on gp41 (59 -61) . Similarly the polyreactivity of gp120-specific antibody 21c allows simultaneous recognition by a single antigen-binding site of self-protein, CD4 and the viral gp120 (62); simultaneous binding to both proteins markedly increases the affinity of the antibody. Other studies have proposed that polyreactive antibodies neutralize the virus by virtue of enhanced binding avidity (24, 25) . Because of the sparse distribution of HIV spikes, simultaneous engagement of two identical epitopes on the envelope proteins by a single antibody is not possible (63) . A model was proposed, referred to as heteroligation, which suggests that polyreactive antibodies neutralize HIV by gain in avidity through the simultaneous engagement of one antigen-binding site with envelope proteins and the second antigen-binding site with yet unidentified molecule(s) on the viral surface (24, 25 ). Yet our data suggest another possible role of Ab polyreactivity for recognition of highly heterogeneous viruses. By virtue of antigen-binding promiscuity, cryptic polyreactive Abs are more tolerant to variations in the antigen as compared with highly specific Abs. The antigen-recognition heterogeneity of cryptic polyreactive Abs thus compensates for the sequence heterogeneity of HIV-1 gp120. However, the penalty of promiscuous antigen recognition resides in a decreased binding affinity. The lower affinity of polyreactive Abs might nevertheless be compensated by an elevated functional affinity (avidity) (24, 25) . Indeed, in this study, we observed that the polyreactive form of Ab21 binds gp120 with high avidity.
Our data might also have repercussions for understanding the physiopathology of HIV-1 infection. It is noteworthy that different studies have highlighted the inter-relation between iron metabolism of the host and HIV-1 pathogenesis (64) . Many proteins use heme as a cofactor in gas transport and in catalysis of various redox reactions. Under physiological conditions, heme is tightly bound to proteins and is constrained intracellularly. However, as a result of various pathologies, accompanied by hemolysis and tissue damage, heme can be liberated and reach high concentrations (Ͼ20 M) in plasma (65) (66) (67) (68) . Interestingly, it has been shown that free extracellular heme has a potent inhibitory effect on HIV-1 replication (69 -71) . The inhibitory effect of heme was proposed to be either due to direct interaction with the reverse transcriptase (72, 73) or through indirect effects of heme on host cells (such as up-regulation of heme oxygenase-1) (69 -71). Importantly, a recent analysis that includes more than 400,000 patients with sickle cell anemia, a condition accompanied by high levels of intravascular hemolysis and heme release, demonstrated a 70% lower incidence of HIV-1 infection as compared with the normal population (74) . In contrast, the incidence of other viral infections, such as hepatitis C virus and hepatitis B virus, was elevated, suggesting a specific protective effect of hemolytic disorders on HIV-1 infection. The latter study provides strong evidence for the high sensitivity of HIV-1 to free extracellular heme. Based on our data, we speculate that the induction by heme of the cryptic HIV-1-binding potential of circulating sensitive Igs could synergize with other mechanisms for heme-mediated inhibition of HIV-1 infection.
In conclusion, we demonstrated that a cryptic polyreactive antibody, induced by heme, has high potential to accommodate the structural diversity of a highly heterogeneous antigen such as gp120. Further studies are required for understanding the functional role of cryptic polyreactive antibodies in HIV-1 infection. Such investigations could contribute to the general understanding of antibody polyreactivity and the role of the inflammatory environment for HIV-1 infection and could provide novel strategies for combating highly heterogeneous pathogens.
